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Abstract
The gypsy moth is a generalist insect pest with an extremely wide host range. Adaptive responses of digestive
enzymes are important for the successful utilization of plant hosts that differ in the contents and ratios of
constituent nutrients and allelochemicals. In the present study, we examined the responses of α-amylase, trypsin,
and leucine aminopeptidase to two tree hosts (suitable oak,Quercus cerris, and unsuitable locust tree, Robinia
pseudoacacia) in the fourth, fifth, and sixth instars of gypsy moth larvae originating from oak and locust tree
forest populations (hereafter assigned as Quercus and Robinia populations, respectively). Gypsy moths from
the Robinia forest had been adapting to this unsuitable host for more than 40 generations. To test for
population-level host plant specialization, we applied a two-population × two-host experimental design. We
compared the levels, developmental patterns, and plasticities of the activities of enzymes. The locust tree diet
increased enzyme activity in the fourth instar and reduced activity in advanced instars of the Quercus larvae
in comparison to the oak diet. These larvae also exhibited opposite developmental trajectories on the two hosts,
i.e. activity increased on the oak diet and decreased on the locust tree diet with the progress of instar. Larvae of
the Robinia population were characterized by reduced plasticity of enzyme activity and its developmental
trajectories. In addition, elevated trypsin activity in response to an unsuitable host was observed in all instar
larvae of the Robinia population, which demonstrated that Robinia larvae had an improved digestive
performance than didQuercus larvae.
Key words: α-amylase, development, host plant adaptation, leucine aminopeptidase, phenotypic plasticity,
trypsin.
The survival of organisms in novel environments depends
on adaptive phenotypic plasticity, i.e. capacity of the
organism to match environmental change phenotypically
via complex physiological and behavioral responses.
Adaptive plasticity promotes the persistence of
populations in a new environment and, thus, allows
sufficient time for the evolution of heritable stress-resistant
phenotypes capable of responding to local selection
pressures (Agosta 2006).
In phytophagous insects, adaptation to a novel host
plant is a complex process that encompasses changes in
various components of their multivariate phenotype,
including host acceptance for oviposition by females and
ability of larvae to metabolize chemically distinct food
items (Nylin & Janz 2009). Resource-use traits, such as
the activity of digestive and detoxifying enzymes, could
be primary targets of natural selection that drives host
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plant specialization and adaptive divergence between
populations (Celorio-Mancera et al. 2013; Hoang et al.
2015; Roy et al. 2016). Host-associated insect
populations might diverge in both mean trait values and
trait plasticities (Van Tienderen 1991). After many
generations of existence in a new habitat, natural selection
might fix adaptive phenotypes via genetic assimilation,
which reduces plasticity. Otherwise, if induced phenotypes
are maladaptive, selection will favor genetic variants that
compensate for such plastic responses (Crispo 2007;
Ghalambor et al. 2007).
The gypsy moth Lymantria dispar Linnaeus
(Lepidoptera: Erebidae: Lymantriinae), the species
selected for the present study, is a generalist pest known
to feed on approximately 500 plant species from 73
different families (Liebhold et al. 1995). However, it is also
considered as a composite generalist whose individuals are
usually more specialized than the population as a whole
(Rossiter 1987). Divergent selection pressures imposed
on such variation might explain the preference and
performance divergence between host-associated
populations of the gypsy moth (Lazarević et al. 2002,
2003; Matsuki et al. 2011).
In the present study, we analyzed the activity of gypsy
moth midgut enzymes that provide sugars for energy
metabolism (α-amylase) and amino acids that are required
for growth (trypsin and leucine aminopeptidase).
Adaptive plasticity of these enzymes should balance
nutrients tomatch organism requirements and thus lowers
the fitness cost incurred by processing food with
unbalanced nutrient ratios (Behmer 2009). Here, we
assessed enzyme responses to feeding on leaves of an
unsuitable host, the locust tree (Robinia pseudoacacia
L.). In comparison to suitable oak hosts, locust tree leaves
contain toxic and fagodeterrent compounds (Barbosa &
Krischik 1987), higher tannin contents that possibly
inhibit nutrient intake (Unruh Snyder et al. 2007;
Al-Masri & Mardini 2013), and lower levels of free
sugars, which, in combinationwith a higher concentration
of starch (Tzvetkova&Kolarov 1996; Zhang et al. 2015),
reduce carbohydrate assimilation efficiency (Barbehenn
et al. 2015). The chemical composition of locust tree
leaves results in prolonged larval development and
reduced pre-adult viability, as well as differences in pupal
mass, longevity, and fecundity in unadapted gypsy moth
individuals (Lazarević et al. 1998).
The enzyme responses in fourth, fifth, and sixth instar
larvae were compared between the two gypsy moth
populations after long-term occurrence in either oak
(Quercus population, Despotovačke šume locality, 100
km southeast of Belgrade, Serbia) or locust tree forests
(Robinia population, Bagremara locality, approximately
150 km northwest of Belgrade, Serbia). The Robinia
forest, a human-made forest established after the removal
of native oak trees, have been inhabited by gypsy moths
for more than 40 generations. We utilized a reciprocal-
transplant experimental design to investigate how long-
term adaptation to an unsuitable host affects the activity
of three digestive enzymes, as well as their plasticity and
developmental patterns.
Larvae from the Quercus and Robinia populations
were reared at a constant temperature of 23°C under a
16 h light:8 h dark regime in plastic cups (300 cm3).
Rearing density was five larvae per cup until molting to
the fourth instar and one larva per cup in the fourth, fifth,
and sixth instars. Larvae were fed ad libitum with either
oak (Q. cerris) or locust tree (R. pseudoacacia) leaves.
Fresh leaves were provided daily. Branches with leaves
attached were collected from the arboretum of the Faculty
of Forestry in Belgrade, andmaintained for up to 5 h in the
laboratory in buckets filled with water. The Quercus
larvae fed with oak or locust tree leaves were referred to
as QQ and QR, respectively, whereas larvae from the
Robinia population fedwith oak or locust tree leaves were
labeled RQ and RR, respectively (the first letter in the
designation indicates the population origin and the second
letter denotes the rearing host). Individuals were killed
two days after molting to the fourth instar and three days
after molting to the fifth and sixth instars, when the
activity of digestive enzymes was highest (Lazarević
2000). Altogether, the assay comprised 12 experimental
groups in a 2 × 2 × 3 factorial design composed of two
populations, two host plants, and three larval instars.
Nine to thirteen larvae were randomly assigned to each
experimental group.
Midguts were removed, weighed, and homogenized
individually in 10mmol/L Tris-HCl buffer (pH 7.2, 1:10
wet wt/vol) for 30 s. The homogenates were then
centrifuged at 10000 rpm for 10 min at 4°C. Digestion
of soluble starch by amylase was determined based on
procedures originally described by Bernfeld (1955) and
modified by Doane (1967). The activities of trypsin and
leucine aminopeptidase were determined using the
chromogenic substrates BApNA (N-benzoyl-D,L-arginine
p-nitroanilide) and LpNA (L-leucine p-nitroanilide),
respectively (Erlanger et al. 1961; Valaitis 1995). Protein
concentration was estimated based on the method
described by Lowry et al. (1951) using bovine serum
albumin as the standard.
Following the assessment of normality (Shapiro-Wilk
test) and homogeneity of variance (Levene’s test),
appropriate analysis of variance (ANOVA Type III)
models was applied on the log-transformed values of
digestive enzyme activity (SAS Institute, Inc. 2010).
ANOVA was utilized to test the effects of three factors
(population origin, host plant, and larval instar) on
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variations in enzyme activity. The two-way interaction
between population and host was tested to determine the
presence of population-level host plant specialization
(Jaenike 1981). Other interactions were analyzed to
determine the significance of developmental changes in
the phenotypic plasticity of digestive enzymes in response
to different plant hosts (Host × Instar), evolutionary
changes in developmental patterns (Population × Instar),
and evolutionary changes in developmental reaction
norms (Population ×Host × Instar). Post hoc comparisons
between the groups were performed using the least
significant difference (LSD) test.
When the moth population from Quercus (i.e. the
Quercus population) was reared with leaves of oak
(Quercus cerris, a suitable host plant), the activities of
all three enzymes generally increased with the progress
of instar (Fig. 1). When this population was reared with
leaves of locust tree (Robinia pseudoacacia, an unsuitable
host plant), the α-amylase activity only slightly increased
with the progress of instar (Fig. 1). In contrast, the
activities of trypsin and leucine aminopeptidase generally
decreased with the progress of instar: i.e. the activities of
these enzymes were significantly higher in the fourth
instar but significantly lower in the fifth and sixth instars
when reared with locust tree leaves than when reared
with oak leaves (Fig. 1). In comparison to oak leaves,
locust tree leaves have higher protein and starch contents
(Tzvetkova & Kolarov 1996; Unruh Snyder et al. 2007;
Zhang et al. 2015) and also contain higher levels of
tannins (Unruh Snyder et al. 2007; Al-Masri & Mardini
2013). In our previous study using artificial diet, the
elevation of nutrient contents increased the activities of
these three enzymes (Janković-Tomanić 2012). In
addition, the presence of enzyme inhibitors and toxins
in food is known to up-regulate digestive enzymes of
herbivore insects (Chikate et al. 2013; Gog et al. 2014;
Roy et al. 2016). It is therefore expected that the activities
of these three enzymes are higher when reared with locust
tree leaves. In the Quercus population, as mentioned
above, the activities of trypsin and leucine
aminopeptidase of fourth instar larvae are consistent with
this expectation, but the activities of all enzymes of fifth
and sixth instar larvae are inconsistent. The reason of this
inconsistency is unknown. It may be related to the high
Figure 1 Specific activity of (A) α-amylase – SAA, (B) trypsin –
SAT, and (C) leucine aminopeptidase – SAL in fourth, fifth, and
sixth instar larvae of the gypsy moth, by population origin and
host plant. QQ,Quercus population fed on oak (Quercus cerris)
leaves; QR, Quercus population fed on locust tree (Robinia
pseudoacacia) leaves; RQ, Robinia population fed on oak leaves;
RR,Robinia population fed on locust tree leaves. Enzyme activity
is expressed in enzyme units (U) per mg of protein. One enzyme
unit corresponds to one μmol of the product of reaction (reducing
sugars for α-amylase or p-nitroaniline for trypsin and leucine
aminopeptidase) liberated per minute. Data represent mean and
standard errors. Different letters within each instar indicate
significant differences (two-way ANOVA, LSD test, P < 0.05).
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sensitivity of late instar larvae of this moth to tannins
(Bourchier & Nealis 1993) and high tannin levels of
locust tree leaves. On the other hand, the Robinia
population showed less inconsistency with the
expectation; except the leucine aminopeptidase activity
of sixth instar larvae, the activity of enzymes was
significantly higher in larvae reared with locust tree
leaves or did not significantly differ by host plants (Fig. 1).
It is also not known why the Robinia population showed
less inconsistency with the expectation.
When all instars under investigation were pooled, a
significant Population × Host effect was detected only
for α-amylase (Table 1). However, when two-way
ANOVA was performed for each instar, the Population
× Host effect was significant for trypsin activity in the
fourth (F1,33 = 11.37, P = 0.002) and sixth instars (F1,40
= 14.39, P < 0.007), and leucine aminopeptidase activity
in the fourth (F1,33 = 4.15, P = 0.050) and fifth instars
(F1,46 = 9.02, P = 0.004). In addition, the Population ×
Host × Instar interaction was significant for all three
enzymes (Table 1). These results indicate that these two
populations differ in their responses to the two host
plants instar-dependently. Indeed, these two populations
largely differed in the enzyme activities when reared with
oak leaves, although such difference was not observed
when reared with locust leaves (Fig. 1). This moth species
also exhibits inter-population variation in the activities of
total proteases and α-glucosidase (Mrdaković et al.
2013).
It is noticeable that the Robinia population reared with
oak leaves (RQ) did not significantly differ from the
Quercus population reared with locust tree leaves (QR)
in the enzyme activities except for the trypsin activity of
fourth instar larvae (Fig. 1). In addition, as mentioned
before, the Robinia population did not so much differ in
the response to oak and locust tree leaves in comparison
with the Quercus population. These results suggest a
possibility that the plasticity of the enzyme activity pattern
observed in the Quercus population has been lowered in
the Robinia population as a result of adaptation to locust
tree leaves for 40 generations. In this respect, Ghalambor
et al. (2007) suggested that a new stressful environment
poses a challenge to a newly established population, in
which canalization (i.e. loss of plasticity) of basic
physiological and developmental processes could be “the
best hope” for maintaining homeostasis. Loss or
reduction of plasticity could occur if the environmental
impact and pattern of selection exhibit transgenerational
similarity and if specific physiological and developmental
pathways are favored across generations (Fitzpatrick
2012). As a result, the induced phenotype could lose its
environmental sensitivity and become genetically
assimilated, i.e., be constitutively expressed due to genetic
changes (Waddington 1953; West-Eberhard 2003; Crispo
2007; Pfennig et al. 2010). In our case, however, it is
unclear whether the observed plastic responses of
individuals from the Quercus population feeding on
locust tree leaves are adaptive. Therefore, we cannot
confirm that the enzyme activity patterns observed in
the Robinia population are the result of long-term
adaptation to consumption of locust tree leaves or of
some other evolutionary processes (e.g. genetic drift).
Further study is needed on this issue.
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Table 1 Mean squares (MS) from three-way ANOVA for specific
activities of α-amylase, trypsin, and leucine aminopeptidase in the
midgut of gypsy moth larvae, fed either oak or locust tree leaves
upon molting into the fourth, fifth, and sixth instars
Source of variation d.f. MS*1000 F P
α-Amylase
Population 1 34.38 4.92 0.028
Host plant 1 4.28 0.61 0.435
Larval instar 2 108.86 15.59 <0.001
Population × Host 1 29.96 4.29 0.041
Population × Instar 2 0.96 0.14 0.871
Host × Instar 2 28.60 4.10 0.019
Population × Host × Instar 2 21.74 3.11 0.048
Error 117 6.98
Trypsin
Population 1 0.31 0.03 0.860
Host plant 1 231.41 23.32 <0.001
Larval instar 2 44.15 4.45 0.014
Population × Host 1 20.71 2.09 0.151
Population × Instar 2 20.43 2.06 0.132
Host × Instar 2 124.01 12.50 <0.001
Population × Host × Instar 2 135.27 13.63 <0.001
Error 120 9.92
Leucine aminopeptidase
Population 1 37.08 2.55 0.113
Host plant 1 60.54 4.17 0.043
Larval instar 2 169.70 11.68 <0.001
Population × Host 1 0.14 0.01 0.921
Population × Instar 2 91.80 6.32 0.002
Host × Instar 2 93.31 6.42 0.002
Population × Host × Instar 2 92.69 6.38 0.002
Error 121 14.53
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